While hyperactivated motility is known to be a concomitant of capacitation, and a prerequisite for fertilization, the specific interdependence of capacitation and hyperactivation in human spermatozoa has not been investigated. This study was designed to determine the effect of seminal plasma contamination on the expression of hyperactivated motility and the relationship between hyperactivation and capacitation, since seminal plasma contains decapacitation factor(s). Seminal plasma was obtained by centrifugation of aliquots of liquefied semen layered over 1.5 ml 40.5% Percoll and mixed with human tubal fluid (HTF) medium containing 30 mg/ml human serum albumin (HSA) (HTF) to a final concentration of 5% (v/v) seminal plasma (SP). Motile spermatozoa were isolated from the remainder of the semen by swim-up into either HTF or SP medium. Samples were taken from each treatment immediately post-harvest (0 h) and after 60 min at 37°C (1 h) for hyperactivation and capacitation assessment. The treatments were then divided into two portions, centrifuged and resuspended in either HTF or SP, giving HTF control and SP control treatments and two crossover treatments, 1 h HTF then 1 h SP (H/SP) and 1 h SP then 1 h HTF (SP/H). All tubes were incubated for a further 60 min at 37°C before aliquots were taken for hyperactivation and capacitation assessments. Hyperactivation was estimated using an IVOS v10.6t (Hamilton Thorne Research, Beverly, MA, USA) 60 Hz CASA instrument, and capacitation was estimated using the chlortetracycline (CTC) method. The presence of seminal plasma in the capacitation medium for 60-120 min post-swim-up inhibited the development of hyperactivated motility. This inhibition was reversible, and was not prevented by preincubation for 1 h in HTF medium. There was no difference in the CTC binding patterns between treatments at 2 h, indicating that the capacitation-associated membrane changes were not affected by the presence of a low concentration of seminal plasma. There was no correlation between percentage capacitated and percentage hyperactivated spermatozoa for any treatment. Since the proportions of hyperactivated © European Society for Human Reproduction and Embryology 2139 spermatozoa and capacitated spermatozoa were not related, we conclude that the processes leading to hyperactivation and to the membrane changes associated with capacitation are not tightly interlinked and consider this finding to be due to hyperactivated motility being associated with flagellar movement, while the CTC assay assesses changes in the Ca 2ϩ levels of the sperm head plasma membrane.
Introduction
Hyperactivation is characterized by the development of asymmetrical, high amplitude flagellar beats, causing vigorous, sometimes non-directed movement of freeswimming spermatozoa (Suarez et al., 1983) . This motility pattern has been observed in the oviductal ampulla of the golden hamster (Yanagimachi, 1970) , as well as in capacitating eutherian sperm populations in vitro. Since hyperactivation is known to occur at or near the site of fertilization, several theories have been advanced for the functional significance of hyperactivated motility, including that it: provides a mechanism to reduce the chance of sperm entrapment in the oviductal crypts (Suarez et al., 1983) ; allows detachment of bound spermatozoa from the oviductal epithelium (Pacey et al., 1995) ; exists as a 'search' mechanism for the oocyte (Katz et al., 1978) ; stirs the ampullary fluid to ensure biochemical homogeneity (Katz and Dott, 1975) ; confers the ability to traverse the cumulus matrix (Suarez et al., 1991) ; and/or allows the generation of sufficient thrust for the spermatozoon to penetrate the zona pellucida (Baltz et al., 1988; Drobnis et al., 1988) .
Spermatozoa cannot fertilize oocytes immediately upon ejaculation, and must undergo a series of metabolic and membrane-associated changes during transit through the female reproductive tract. These changes, collectively referred to as capacitation, have not been elucidated completely, but a current, accepted definition for capacitation is that it is the process which provides a mature spermatozoon 'with the reaction pathways necessary to undergo the exocytotic acrosome reaction in response to an inducing signal from the zona pellucida' (Storey, 1995) . Because such 'classical' definitions of capacitation do not consider changes in the sperm tail (e.g. hyperactivated motility) it has been difficult to establish a consensus definition of capacitation. Both the head and tail regions of the spermatozoon must perform specific functions on fertilization, processes which are dependent upon changes occurring during the capacitation process. However, this does not require that such processes are necessarily interlinked or even regulated in the same way.
Hyperactivation does not occur in seminal spermatozoa under normal circumstances (de Lamirande and Gagnon, 1993) and as little as 1% (v/v) seminal plasma can inhibit both the hamster egg penetration test (Kanwar et al., 1979) and human sperm-zona binding (Huyser et al., 1997) . While a temporal relationship between hyperactivation and the acrosome reaction has been observed (Robertson et al., 1988) for human spermatozoa, in mouse spermatozoa hyperactivation develops synchronously within the sperm population during the capacitation process (Fraser, 1977; Suarez et al., 1987) , although this is not the case with human spermatozoa (Mortimer and Swan, 1995a,b) . A causal link between capacitation and hyperactivation has been inferred from the observation that neither capacitation nor hyperactivation occur in semen, presumably due to the presence of decapacitation factor(s) in seminal plasma (Chang, 1957; Cross, 1996) . In the mouse it is possible to observe hyperactivation under decapacitating conditions (Fraser, 1984) , to induce precocious hyperactivation in uncapacitated sperm populations by the addition of calcium ionophore and bovine serum albumin (Suarez et al., 1987) , and to delay hyperactivation by chelation of free calcium ions or by removal of bicarbonate (Neill and Olds-Clarke, 1987) . These observations suggest that while capacitation and hyperactivation occur concomitantly, they may not necessarily be interdependent processes, a concept which remains controversial (e.g. de Lamirande et al., 1997; Mortimer, 1997a) . The aim of this study was to determine whether a causal relationship exists between hyperactivation and capacitation for human spermatozoa.
Materials and methods
Sperm preparation including autologous seminal plasma preparation A total of eight semen samples was used in this study, three from normal donors, and five from patients of unknown fertility status presenting for semen analysis at Sydney Andrology. Semen was collected by masturbation and allowed to liquefy at 37°C for 30 min. When liquefaction was completed, 0.8 ml semen was layered onto 1.0 ml 40.5% (v/v) Percoll in a small round-bottomed tube (Falcon no. 2057; Becton Dickinson Labware, Lincoln Park, NJ, USA) and centrifuged (400 g, 15 min). The seminal plasma was collected from the top of the preparation, and if it was not clear, placed in a 1.5 ml Eppendorf tube (Crown Scientific, Sydney, Australia) and centrifuged for 3 min at 2300 g. The cleared seminal plasma was then added to human tubal fluid (HTF) medium containing 30 mg/ml human serum albumin (HSA), to give a final concentration of 5% (v/v) seminal plasma in HTF medium (designated SP). In some cases the seminal plasma was extremely viscous and even after high speed centrifugation the exclusion of cellular debris from the seminal plasma could not be assured. When this occurred, the viscous seminal plasma was added to HTF medium, mixed using a vortex mixer, and filtered through a 0.22 µm disposable GV Millipore filter (Millipore Australia, Lane Cove, NSW, Australia). The tube containing the SP medium was gassed with 5% CO 2 in air, and the tube capped and mixed by inversion.
The remaining semen was processed by the swim-up method, with the SP medium prepared using autologous seminal plasma. For treatment A, 0.8 ml HTF medium containing 30 mg/ml HSA (designated HTF) was placed in each of six small round-bottomed tubes (Falcon no. 2057) . For treatment B, 0.8 ml SP medium was placed in each of a further six Falcon no. 2057 tubes. Using a volumetric pipette, 0.25 ml semen was layered under the medium in each tube. The preparations were incubated for 30 min at 37°C to allow the motile spermatozoa to swim up into the medium. The selected spermatozoa were harvested into two fresh 15 ml conicalbottomed tubes (Falcon no. 2095, Becton Dickinson Labware, Lincoln Park, NJ, USA), using Pasteur pipettes. Only the top two thirds of the overlaying medium was harvested from each tube, with care being taken not to disturb the semen. The concentrations of spermatozoa in each of the two treatment tubes were estimated using a Makler chamber, and the final concentration adjusted to 5-10ϫ10 6 /ml. Aliquots were withdrawn for capacitation assessment using the chlortetracycline (CTC) assay, and for kinematic analysis using the IVOS CASA instrument (see below).
The treatment tubes were incubated at 37°C for a further 60 min, when more aliquots were withdrawn for CTC and kinematic analysis. The treatments were then each divided between two conical tubes (designated HTF and H/SP from the HTF treatment, and SP/H and SP from the SP treatment), and all four were centrifuged at 600 g for 6 min. The supernatants were discarded and the pellets in tubes HTF and SP/H were resuspended in HTF, and those in tubes H/SP and SP were resuspended in SP medium (Figure 1) . Sperm suspensions were then incubated at 37°C for a final 60 min period, after which the third CTC and kinematic analyses were performed.
Chlortetracycline analysis
The CTC stock solution contained 20 mM Tris-HCl, 130 mM NaCl, 5 mM L-cysteine and 750 µM chlortetracycline (CTC). The fix solution contained, per ml, 875 µl of a 135 mM NaCl, 5 mM KCl and 37 mM Tris-HCl solution (pH 8.0), and 125 µl of 25% glutaraldehyde, final pH 7.8. The recycler used for mounting the preparations, to reduce fading of the fluorescence, was 5% (w/v) npropylgallate (approximately 250 mM) in glycerol, adjusted to pH 8.0 with carbonate buffer (53 g/l Na 2 CO 3 and 42 g/l NaHCO 3 in water).
A 5 µl aliquot of the sperm suspension was placed on a clean microscope slide, 5 µl CTC stock solution added and mixed using the pipettor tip. Fix solution (0.5 µl) was added within 10 s, using a Hamilton microsyringe (Autech, Sydney, Australia), and the solutions mixed using its Teflon ® tip. Approximately 10 µl of the mountant solution was added and mixed thoroughly using the Teflon ® tip of the microsyringe. A coverslip was placed on the preparation and pressed down gently. Three coded slides were prepared per treatment, and were stored at 4°C in a sealed, light-protected chamber until scored 3-24 h later.
Two slides per treatment were scored in a 'blinded' fashion. Fluorescence patterns were scored under an Olympus BX50 ® microscope using a ϫ40 objective and a U-MWU cube (DM400 dichroic mirror, BP330-385 bandpass filter, and a BA420 nm barrier filter). At least 200 spermatozoa were scored per slide so that at least 400 spermatozoa were scored per treatment. The patterns scored were the same as those described by Lee et al. (1987) , with different terminology: B ϭ bright post-acrosomal fluorescence; F ϭ bright acrosome region fluorescence; A ϭ bright fluorescence over the entire head, including a bright perimeter; and N ϭ no head fluorescence at all. All of the spermatozoa scored had bright fluorescent midpieces. No attempt was made to score for live/dead spermatozoa since the percentage motility was high and the experiment only ran for a 2-3 h time course.
Hyperactivation analysis
The proportion of hyperactivated spermatozoa was estimated for each treatment and time point using an IVOS v10.6t CASA instrument (Hamilton Thorne Research, Beverly, MA, USA) operating at a sampling frequency of 60 Hz. At each time point, 5 µl aliquots were withdrawn from each treatment and placed into pre-warmed Chartpak chambers. These were 32 µm deep chambers composed of dry transfer circles (Chartpak no. RDC49, 13 mm diameter; Chartpak, Leeds, MA, USA) attached to plain microscope slides which had been cleaned with absolute ethanol. A 22ϫ22 mm no. 1 1 2 coverslip was placed over each preparation after loading. The kinematic values for at least 200 motile spermatozoa were found per determination. The proportion of hyperactivated spermatozoa in each treatment was determined using the SORT function of the CASA instrument. To be classified as hyperactivated, a trajectory had to meet all of the 60 Hz SORT criteria, i.e. curvilinear velocity (VCL) ജ 150 µm/s and linearity (LIN) ഛ 50% and amplitude of lateral head displacement (ALHmax) ജ 7.0 µm. These criteria differed slightly from those determined previously using manual methods (Mortimer and Swan, 1995b) because they were derived empirically by observation of CASA-derived values for series of hyperactivated and nonhyperactivated spermatozoa and then validated using ROC curve analyses (Mortimer, 1997b) .
Statistics
Statistical analyses were performed using MedCalc ® (MedCalc Software, Mariakerke, Belgium) and Excel v5.0 ® (Microsoft Corporation, Redmond, WA, USA). The percentage motility for each determination was compared by one-way analyses of variance. The effect of treatment upon hyperactivation was analysed by unpaired Wilcoxon tests (since some of the hyperactivation ranges were not normally distributed). Capacitation levels were compared by paired t-tests and correlation of hyperactivation and capacitation levels were tested by rank correlation. 
Results

Effect of treatment upon motility
The 'percentage hyperactivated' value was calculated relative to the number of motile spermatozoa in each determination. To determine whether treatment medium adversely affected the proportion of motile spermatozoa, thereby potentially skewing the results, the proportion of motile spermatozoa was determined for each treatment by the IVOS CASA instrument (Figure 2) . One-way analysis of variance revealed that there was no significant variation in motility across the treatments and time points (F 7 54 ϭ 0.774, P Ͼ 0.5). From these results, it was concluded that the seminal plasmacontaminated HTF medium (SP medium) did not reduce the proportion of motile spermatozoa, and that any differences which may have been observed in the proportion of hyperactivated spermatozoa would not be attributable to changes in the proportion of motile spermatozoa.
Effect of treatment upon hyperactivation
The proportion of hyperactivated spermatozoa was found by analysis of the kinematic values of at least 200 motile spermatozoa per determination and expressed as a proportion of motile spermatozoa. The responses of individual donors were highly variable, with the maximum level of hyperactivation observed per donor ranging from 10-35%, although the overall response was similar in each case (Figure 3 ). To correct for the differing levels of hyperactivation between donors, the results were also considered as proportions of the maximum hyperactivation level observed for each donor (Figure 4 ). This 'relative hyperactivation' value was calculated for each treatment for each donor, using the formula:
Relative hyperactivation ϭ (observed % hyperactivated) Ϭ (highest % hyperactivated for the donor)ϫ100%.
The proportion of hyperactivated spermatozoa increased with time in HTF medium, but not in SP medium (Figure 3) , with the 2 h HTF treatment having significantly more hyperactivated spermatozoa than all other treatments except the SP/H treatment (P Ͻ 0.01 by unpaired Wilcoxon analysis). The proportion of hyperactivated spermatozoa remained constant with time for the SP treatments (Figure 3) , with no significant difference being observed between the values at any time point (unpaired Wilcoxon analysis, all P Ͼ 0.10). When the HTFpreincubated spermatozoa were washed into SP medium, the hyperactivation level dropped to that observed in SP medium (treatment H/SP 2 h, Figure 3 ; P Ͼ 0.10 by unpaired Wilcoxon analysis for SP and H/SP at 2 h). Conversely, when the SPpreincubated spermatozoa were washed into HTF medium, the hyperactivation level 1 h later was similar to that for the 1 h HTF treatment (treatment SP/H 2 h, Figure 4) .
Thus, the presence of 5% (v/v) seminal plasma in the culture medium inhibited the development of hyperactivated motility. This inhibition was reversible, since the SP/H treatment had the same proportion of hyperactivated spermatozoa as the HTF treatment at the 1 h time point. Also, preincubation of the spermatozoa in HTF medium for 1 h before washing into SP medium did not protect against the inhibition of hyperactivation, since the hyperactivation level had dropped to that of the negative control when examined 60 min after the spermatozoa were resuspended in SP medium. It was more likely that the seminal plasma inhibited rather than slowed the development of hyperactivated motility, because no change in the proportion of hyperactivated spermatozoa in SP was observed over the course of the experiment. The inhibition was marked, yet reversible, and unaffected by a 1 h preincubation in the absence of seminal plasma.
Effect of treatment upon capacitation
The CTC assay was included in this experiment to determine whether the addition of seminal plasma caused a 'decapacitation' effect.
While hyperactivation determination was performed, an aliquot from the same preparation was mixed with CTC and fixed as described for each treatment. The binding patterns altered over the time course of the experiment, with significantly more capacitating and/or acrosome-reacted spermatozoa being observed after 2 h incubation compared with 0 h incubation for all treatments (P Ͻ 0.01 by unpaired Wilcoxon analysis) ( Figure 5 ). There was no significant difference between the proportion of capacitating and acrosome-reacted spermatozoa in the HTF and H/SP treatments (P Ͼ 0.10) nor between the SP/H and SP treatment groups (P Ͼ 0.10).
Therefore, the decapacitation effect of seminal plasma was not observed in this assay, as there was no difference in the proportion of capacitating spermatozoa in any of the treatment populations. This was in contrast to the hyperactivation results, where the presence of seminal plasma had a markedly detrimental effect upon the development of hyperactivated motility.
Correlation between hyperactivation and capacitation
There was no effect of treatment upon the proportion of capacitating and acrosome-reacted spermatozoa by this CTC For abbreviations, see Figure 1 .
assay, although the proportion of hyperactivated spermatozoa increased over the time course of the experiment. There was no correlation between hyperactivation and capacitation by rank correlation analysis (P Ͼ 0.1 for each treatment and time point; Table I ). These results demonstrated clearly that there was no interdependence of hyperactivation and capacitation, as measured by the CTC assay.
In conclusion, while the presence of a low concentration of seminal plasma in the capacitation medium caused a significant reduction in the level of hyperactivation, there was no reduction in the proportion of capacitated spermatozoa, as determined by the binding patterns of CTC to calcium ions in the plasma membrane of the sperm head.
Discussion
Hyperactivated motility of human spermatozoa is a concomitant of capacitation, as both occur in the female reproductive tract in vivo and in capacitating medium in vitro, and do not occur in seminal plasma under normal circumstances. A temporal relationship has been established between hyperactivation and the acrosome reaction for human spermatozoa (Robertson et al., 1988) , but this is not a causative relationship. It has been suggested that hyperactivation and capacitation might be considered as separate processes requiring similar conditions (Mortimer et al., 1983; Neill and Olds-Clarke, 1987) . Studies on hyperactivated motility of other species have shown a progression through capacitation to hyperactivation and the acrosome reaction, with large numbers of spermatozoa exhibiting hyperactivated motility synchronously (e.g. Suarez et al., 1987) . The synchronous development of hyperactivation has not been reported for human spermatozoa, with relatively low numbers of hyperactivated spermatozoa observed at any time point (reviewed in Burkman, 1990) .
Because the process of capacitation itself is not strictly defined, assays for capacitation rely upon the assessment of changes in membrane binding pattern of Ca 2ϩ [the chlortetracycline (CTC) assay; Lee et al., 1987] ; changes in lectin binding patterns (Gordon et al., 1975; Singer et al., 1985) ; or upon the assessment of the spontaneous acrosome reaction as a secondary marker of capacitation (reviewed by Fraser, 1995) . All of these assessments are based upon changes in the membranes of the sperm head, while hyperactivation is a flagellar event, occurring in a separate compartment of the spermatozoon. Some of the energy used for axonemal bending, the basis of flagellar motility, is derived from ATP generated by the mitochondria (reviewed by Ford and Rees, 1990) . To determine whether a relationship existed between capacitation and hyperactivation of human spermatozoa therefore required the analysis of functional changes in separate and distinct regions of the spermatozoa.
Seminal plasma contains decapacitation factors which reversibly inhibit the spontaneous acrosome reaction in vitro, and reduce the vigour of sperm motility, thereby causing a reduction in fertilizing capacity (Kanwar et al., 1979; Rogers et al., 1983) . It has been found that concentrations of seminal plasma as low as 1% (v/v) could inhibit the acrosome reaction of human spermatozoa, and that this effect could be reversed by the removal of seminal plasma (Cross, 1993) . To ensure that sufficient seminal plasma was present to cause a decapacitation effect, a final concentration of 5% (v/v) autologous seminal plasma was used in this study. Autologous rather than pooled seminal plasma was used, as it had been determined previously that the motility of human spermatozoa can be compromised if mixed with seminal plasma from another individual (reviewed in Iwamoto et al., 1990) . The crossover design of the experiment was to determine whether any effect of seminal plasma upon hyperactivation or capacitation was reversible, and whether preincubation in the absence of seminal plasma modulated any response when seminal plasma was introduced to the culture medium. Different methods were used for the isolation of seminal plasma (density gradient centrifugation) and for the treatment preparations (swim-up from semen). It was thought that the selection of motile spermatozoa by density gradient centrifugation had the potential to interfere with the experiment, as only HTF medium would have been used in the density gradients and so the SP treatment spermatozoa would have been exposed to a seminal plasma-free environment during that step. The use of swim-up from semen into the treatment medium ensured that there was no inadvertent change in the environment during preparation.
The presence or absence of seminal plasma in the culture medium had no effect upon the proportion of motile spermatozoa at any of the treatment time points, so it was concluded that any effect of seminal plasma upon hyperactivated motility was not a result of differences in the proportion of motile spermatozoa (Figure 2 ). This was a necessary part of the experiment, as the proportion of hyperactivated spermatozoa in each treatment was reported relative to the number of motile spermatozoa in each treatment.
The effect of treatment upon hyperactivation was similar for each donor, although the actual proportion of spermatozoa with hyperactivated motility was variable between donors (Figure 3) , as has been noted previously (Mbizvo et al., 1993) . For this reason, the proportion of hyperactivated spermatozoa relative to the maximum level of hyperactivation of the individual donor was also plotted (Figure 4) . The presence of seminal plasma in the culture medium significantly inhibited the development of hyperactivated motility, with no significant increase in hyperactivation observed in the SP treatment group over the course of the experiment (Figure 3) . Conversely, in the absence of seminal plasma, the proportion of hyperactivated spermatozoa increased significantly with time (P Ͻ 0.01). When spermatozoa were washed from medium containing seminal plasma into fresh medium (SP/H), the level of hyperactivation after 60 min was similar to that observed in the HTF treatment 60 min after swim-up (Figure 4 ). This finding indicated that the presence of seminal plasma, while inhibiting the development of hyperactivated motility, did not cause irreversibly diminished function of the spermatozoa. Also, preincubation of spermatozoa in seminal plasma-free medium did not protect the spermatozoa against the effects of seminal plasma in terms of development of hyperactivated motility, with the H/SP treatment showing background levels of hyperactivation after 60 min (Figures 2 and 3) . Therefore, while the presence of 5% (v/v) seminal plasma in the culture medium inhibited the development of hyperactivated motility, this inhibition was reversible, with hyperactivation observed after the spermatozoa had been in seminal plasma-free medium for 60 min.
To determine the effect of 5% (v/v) seminal plasma upon capacitation, the CTC assay was used on the same sperm populations as the hyperactivation study. The CTC assay was developed for mouse spermatozoa, although its use has been reported for human (Lee et al., 1987; DasGupta et al., 1993; Perry et al., 1995) , bull (Fraser et al., 1995) , boar (Maxwell and Johnson, 1997) and ram (Gillan et al., 1997) spermatozoa. CTC binds to calcium ions in the sperm head plasma membrane, and the binding patterns are determined by fluorescence microscopy. The patterns indicating 'capacitating' sperm populations differ according to the method used for sperm fixation, and three different sets of patterns for human spermatozoa have been reported (Lee et al., 1987; DasGupta et al., 1993; Perry et al., 1995) . As only capacitated spermatozoa can undergo the acrosome reaction, and because the cellular processes involved in capacitation are not completely defined, the meaning of the CTC binding patterns has been inferred from population studies of acrosome-reacted spermatozoa, as well as from observations of the changes in CTC binding patterns over time (Lee et al., 1987) . Therefore, while the CTC assay is thought to indicate capacitation, the results must be interpreted with the assay and scoring methods defined. The method used in this study was the original one reported for human spermatozoa (Lee et al., 1987) , and so the binding patterns were scored in the same way, with 'capacitating' and 'acrosome reacted' spermatozoa having fluorescence over all (Pattern A) or none (Pattern N) of the head, respectively. The microscope slides were coded and randomized for scoring, to remove the risk of experimental artefact, as the scoring method is a subjective one. For the same reason, at least 400 spermatozoa were scored per treatment. While the binding patterns changed over time, with the 2 h treatment samples having significantly more capacitating spermatozoa than the 0 h treatment samples, there was no significant difference between the proportion of capacitating and acrosome-reacted spermatozoa at any time point, irrespective of the treatment ( Figure 5 ). The whole course of this experiment was quite short, with assessment of capacitation and hyperactivation status performed at 0, 1 and 2 h. The initial study of CTC 2144 patterns in human spermatozoa was performed over a 10 h period (Lee et al., 1987) , and the study to determine the minimum concentration of seminal plasma which could block the acrosome reaction was performed with preincubation periods of 6, 12 or 24 h of spermatozoa in seminal plasma prior to treatment (Cross, 1993) . Hence, the short time course of the present study may not have been sufficient to observe the decapacitation effect of seminal plasma in terms of changes in CTC binding patterns.
As would be expected from these results, there was no correlation between the proportion of capacitated spermatozoa and the proportion of hyperactivated spermatozoa in any treatment at any time point (Table I ). This was not necessarily surprising, as hyperactivation is a flagellar phenomenon while 'capacitation' as determined by the CTC assay is a marker of changes in the location of calcium binding sites within the sperm head plasma membrane. A total of eight semen samples from eight donors were included in this study, three from 'normal' donors, and five from patients presenting for semen analyses. The similarity in the responses of each sample's spermatozoa to each of the treatments would suggest that the influence of seminal plasma upon the movement characteristics and upon capacitation status were not affected by the clinical provenance of the specimens, and that the observations made in this study were indicative of a physiological effect.
The lack of correlation between capacitation status and hyperactivation indicated that different pathways or mechanisms are involved in the cellular changes leading to these events. While it has been established that both processes are dependent upon the presence of calcium ions, it may be that hyperactivation occurs as a result of stimulation of membraneassociated adenylate cyclase in the tail, leading to the production of cAMP and hence increased flagellar bending (Mbizvo, 1995) , a relatively fast process. Changes in calcium binding patterns of the sperm head membrane may require alterations in membrane components and translocation or removal of membrane components. It has been observed that hyperactivation can be induced in human spermatozoa in seminal plasma by the addition of pentoxifylline, a phosphodiesterase inhibitor which has the pharmacological effect of increasing the concentration of intracellular cAMP (reviewed in Mbizvo, 1995) . Therefore, the presence of seminal plasma may interfere with the receptors required for the stimulation of adenylate cyclase.
The concept of functionally separate and distinct regions of the spermatozoon is supported by observations of differences in the structure of the plasma membrane revealed by studies using freeze-etching (Koehler, 1966) and thin sections (Pedersen and Fawcett, 1976) as well as by observations of differential binding of lectins (Nicolson and Yanagimachi, 1974) and monoclonal antibodies (Myles et al., 1981) . It is thought likely that localized regulation of membrane components exists (Nicolson et al., 1977) , a concept supported by observation of different distribution patterns of lectin binding sites in the plasma membrane covering the sperm head and flagellum (Koehler, 1983) . Consideration of the differences in the metabolic and functional requirements of the head and flagellum of the spermatozoon would also suggest regionalization (e.g. the flagellum must be highly motile and meta-bolically active prior to fertilization, while the sperm head remains relatively inert prior to acrosomal exocytosis), with the posterior ring acting to segregate the cytoplasmic compartments.
The observations of differences in the effect of seminal plasma contamination on hyperactivation and capacitation made in the present study provide further evidence for the existence of functionally separated, distinct regions in the spermatozoon.
These results also indicate the importance of the inclusion of hyperactivation in the panel of sperm function tests, since it cannot be inferred from capacitation, nor presumably from acrosome reaction, assays. Also, the inhibition of hyperactivation by a low level of seminal plasma contamination highlights the need for meticulous sperm preparation methods for both sperm function tests in which hyperactivation is assessed, and for clinical assisted conception procedures.
